Can ecological relationships between bat species be predicted largely on the basis of morphology? This question was addressed by investigating skull morphology of two cryptic species of the pipistrelle bat. Since 45 Pipistrellus pipistrellus apparently eats larger prey than 55 P. pipistrellus, we predicted that it would have a larger overall skull size, a larger dentary apparatus, and a larger gape. To test these predictions, variables were measured from skulls of the two cryptic species, and comparisons made between them. In accordance with our predictions, overall skull size was larger in 45 P. pipistrellus than in 55 P. pipistrellus, and 45 P. pipistrellus had a longer lower jaw and the distance between the jaws at maximum gape was larger. In addition, 45 P. pipistrellus had longer upper canines, which may allow it to pierce harder prey items than 55 P. pipistrellus. Only some aspects of dietary di¡erences between the two cryptic species could be explained by di¡erences in skull morphology, and we suggest that empirical data, at least on diet and habitat use, are also required to explain mechanisms of resource partitioning among species in bat communities.
I N T RO DUC T ION
Can we use morphological characters to make predictions about resource partitioning between species in bat communities, and the ecological mechanisms that facilitate their coexistence ? This is an important question in the study of bat communities as there are rarely detailed ecological data available for all species in a community. Several studies have found that insectivorous bat communities consist mainly of species that are similar in morphology, with a few morphologically distinct species (Findley 1976; Findley & Black 1983; Schum 1984) . It has been suggested that for bat communities in general, species similar in morphology would also be expected to show only slight ecological di¡erences, if any (Tamsitt 1967; McNab 1971; Fenton 1972; Freeman 1981; Findley & Black 1983; Aldridge & Rautenbach 1987; Fleming 1991; Findley 1993) . According to these authors, morphologically similar, sympatric, insectivorous bat species would overlap considerably in resource use. This contradicts the theory of the ecological niche, and raises the question of how such species coexist (Saunders & Barclay 1992) . In practice, some studies have shown that there is considerable ecological niche separation between sympatric pairs of morphologically similar insectivorous bat species (Saunders & Barclay 1992; Arlettaz 1995 ). This in turn questions the validity of using mainly morphological characters to make predictions about ecological relationships among bat species in general.
The pipistrelle, Pipistrellus pipistrellus (von Schreber 1774^1785), is the most abundant bat species in continental Europe, including the British Isles (Stebbings & Gri¤th 1986; Harris et al. 1995) , and has long been considered to be a single species. Recently, however, phylogenetic analysis of sequences of the cytochrome-b gene of mitochondrial DNA has shown that there are two genetic clades of P. pipistrellus (Barratt et al. 1995) . These two genetic clades correspond to two phonic types of P. pipistrellus (Jones & van Parijs 1993; Barratt et al. 1997) . Echolocation calls, used in prey detection, have predominant energy at frequencies of around 55 kHz in one phonic type (corresponding to clade 1), and around 45 kHz in the other (corresponding to clade 2). The genetic di¡erences between the two types, and the assortative roosting behaviour of the two phonic types in both maternity and mating roosts, con¢rm the presence of sympatric cryptic species (Jones & van Parijs 1993; Barratt et al. 1995; Park et al. 1996; Barratt et al. 1997) . Throughout this paper, we refer to these two cryptic species of P. pipistrellus as 45 P. pipistrellus and 55 P. pipistrellus. Data on habitat use and diet are available for these two species (Vaughan et al. 1997; Barlow 1997) , which allow us to test whether or not there is a relationship between their morphology and ecology. In this study, we measured variables of skull morphology from bats of the two cryptic species to test the predictions we made about morphological di¡erences between them, based on their diets.
Bats of both cryptic species eat many small £ies (Diptera) of the suborder Nematocera, but 45 P. pipistrellus also eats substantially more insects from families of larger Diptera than 55 P. pipistrellus (Barlow 1997) . Overall, 45 P. pipistrellus apparently eats larger prey than 55 P. pipistrellus. It has been shown that insectivorous bat species that consume large prey have larger heads, larger dentary apparatus, and a larger gape than bats that consume small prey (Freeman 1979; Humphrey et al. 1983; Fenton 1988) . Because of the dietary di¡erences between the two cryptic species of P. pipistrellus, we predicted that overall skull size in 45 P. pipistrellus would be larger than in 55 P. pipistrellus. We also predicted that 45 P. pipistrellus would have a larger dentary apparatus and larger gape.
. M AT E R I A L S A N D M ET H OD S
Skulls were obtained from specimens of P. pipistrellus collected from a range of sites in Britain, from Bristol in south-west England to Aberdeen in northern Scotland. The bats from which the skulls were taken were identi¢ed as belonging to one of the two cryptic species by analysis of the cytochrome-b gene of mitochondrial DNA (for details of techniques see Barratt et al. (1995) ). Skull measurements were taken from 35 adult 55 P. pipistrellus (30 female, 5 male), and 22 adult 45 P. pipistrellus (4 female, 16 male, 2 of unknown sex). Measurements were made at 10.5Âmagni¢cation using an ocular micrometer, which was accurate to 0.01mm on viewing through a binocular microscope (Kyowa). The identity of each skull was not known when measurements were taken. Where possible, measurements were taken from the left side of the skull.
A total of 15 variables were measured on each skull (Southern 1964; van Zyll de Jong 1985; Freeman 1979) ösee table 1 for a list of variables measured. The variables were tested for repeatability of measurement by comparing variation among individuals with variation among measurement repeats, on a subset of ten skulls selected at random. Each of these skulls was measured three times non-consecutively. Analyses of variance were carried out on each variable, with individual and repeat as factors. Variables in which the among-individual variation was signi¢cantly more than the among-repeat variation were considered to be repeatable (Bailey & Byrnes 1990) . If non-repeatable variables are included in morphological analyses, increased variation is incorporated into statistical tests due to measurement error, arti¢cially increasing the background variance (Bailey & Byrnes 1990 ). In addition to measuring standard variables, measurements were made to assess the gape and biting strength of the two cryptic species. Such measurements included (i) the length of the masseter muscle scar (MAS), (ii) the length from the craniomandibular joint to the origin of the masseter muscle (A), and (iii) the length from the craniomandibular joint to the insertion of the masseter muscle, at the bottom of the angular process (B) (¢gure 1). The ratio of A:B, providing a measure of gape, was calculated in each individual. The larger the A : B ratio, the greater is the maximum angle to which the jaws can be opened (Herring & Herring 1974) .
Both univariate and multivariate analyses were carried out to investigate di¡erences between the two cryptic species as they may yield di¡ering conclusions if variables are correlated (Willig et al. 1986; Corruccini 1987) . Principal components analysis was carried out on the repeatable standard skull variables to describe the overall variance in the data. Where necessary, data were logarithmically transformed to achieve normality (Zar 1984) , and univariate ttests were carried out on each repeatable variable to assess di¡erences between the sexes and between the two cryptic species. Logarithmically transformed data from the repeatable standard skull variables were found to conform to the multivariate normal distribution (Mardia et al. 1994) , and covariance matrices were homogenous (Box's M-test; Mardia et al. 1994) . Quadratic discriminant analyses were carried out on these variables to determine whether or not specimens could be identi¢ed to their correct species from skull morphology. Cross-correlations between input data and the discriminant variables give an overall measure of the importance of each variable in the discriminant analysis, and were calculated. The larger the numerical value of the crosscorrelation, the greater the importance of a variable in the discrimination between species. Statistical analysis was carried out on MINITAB v. 10 for Windows TM (Ryan et al. 1985) and custom-written programs by Professor J. M. V. Rayner (School of Biological Sciences, University of Bristol, UK).
R E SU LT S
The skull variables found to be repeatable, those in which the F ratios of among-individual variation to among-repeat variation were signi¢cant (in each case, d.f. 9,2, p50.05), were used in statistical analysis. For these variables, the intraclass correlation coe¤cient (Zar 1984) was greater than 0.9. The seven repeatable standard skull variables were (i) greatest length of skull (GSL), (ii) mastoid breadth (MB), (iii) condylobasal length (CBL), (iv) cranial depth (CRD), (v) width of upper incisors (I  2 I 2 ), (vi) maximum dentary length measured from dental to condyle (MDL), and (vii) length of the mandibular tooth-row from canine to third molar inclusive (MBTR) (¢gure 1). The variables MAS, A and B were also found to be repeatable.
Principal components analysis on the correlation matrix of untransformed data from the seven repeatable standard skull variables showed that the ¢rst component (PC1) accounted for 51% of the overall variance, the second component (PC2) accounted for 17%, and that there was a large amount of overlap between the two cryptic species (¢gure 2). PC1 correlated most highly with variables that represented skull and jaw length (GSL, r À0.453; CBL, r À0.428; MDL, r À0.419; all p50.001). PC2 correlated with variables that expressed skull height and width, and jaw length (CRD, r 0.542; MBTR, r À0.465; MB, r 0.439; all p50.01). There was no clear separation between the sexes in either cryptic species, suggesting no overall sexual dimorphism (¢gure 2). In addition, ttests on the repeatable variables showed that there was little sexual dimorphism in either species (table 1) . The variables MB, CBL and MAS were larger in female than in male 45 P. pipistrellus, and the variables CRD and MBTR were larger in female than in male 55 P. pipistrellus (table 1) .
Samples from males and females were pooled for the remaining analyses, due to the small sample sizes and the lack of clear sexual dimorphism within each cryptic species. T-tests on each of the standard skull variables showed that GSL, MDL and MBTR di¡ered signi¢cantly between cryptic species, and that 45 P. pipistrellus was larger than 55 P. pipistrellus for these three variables (table 1) . Quadratic discriminant function analysis showed that there was a signi¢cant di¡erence between skulls of the two cryptic species (Rao's F 60.6, d.f. 1,55, p50.001), and that, overall, 45 P. pipistrellus was larger than 55 P. pipistrellus. Rao's F statistic was calculated, in preference to Wilks's ! due to the small sample size. The discriminant analysis classi¢ed 88% of skulls according to their correct species (¢gure 3). Three skulls from 55 P. pipistrellus and four from 45 P. pipistrellus were misclassi¢ed. Cross-correlations calculated between input data and the discriminant variables showed that MBTR (r 0.872) and MDL (r 0.634), measures of the lower tooth-row length and lower jaw length, respectively, were the two most important variables in the discrimination between the two cryptic species.
T-tests showed that the A : B ratio did not di¡er significantly between the two cryptic species, nor did MAS (table 1 ). An examination of the dentition showed a single di¡erence in tooth morphology between the species: the canines appeared to be longer in 45 P. pipistrellus than 55 P. pipistrellus. The length of the upper canine (UC) was therefore measured, and found to be repeatable. A t-test showed that UC di¡ered signi¢cantly between cryptic species (table 1), and that 45 P. pipistrellus had longer upper canines than 55 P. pipistrellus.
. DI S C U S S ION
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Proc. R. Soc. Lond. B (1997) Table 1 . Variables measured from skulls of the two cryptic species of P. pipistrellus and results of t-tests on di¡erences between the sexes, and di¡erences between species (In each t-test * p50.05, ** p50.01, *** p50.001. Two skulls from 45 P. pipistrellus were of unknown sex, and data from these skulls are not included in the values given here, although they were included in t-tests between species, i.e. d.f. 55 in these cases. GSL greatest length of skull; MB mastoid breadth; CBL condylobasal length; CRD cranial depth; I 2 I 2 width of upper incisors; MDL maximum dentary length; MBTR mandibular tooth-row length from canine to third molar; MAS length of the masseter muscle scar; A : B ratio of the length from the craniomandibular joint to the origin of the masseter muscle to the length from the joint to the insertion of the masseter muscle; morphology. Overall skull size, represented by the greatest length of skull (GSL), di¡ered between the two cryptic species: 45 P. pipistrellus was larger than 55 P. pipistrellus. The size of the dentary apparatus, represented by both the lower jaw length (MDL) and mandibular tooth-row length (MBTR), was also larger in 45 P. pipistrellus than in 55 P. pipistrellus, as predicted. The A : B ratio is a measure of the maximum angle to which the jaw can be opened (Herring & Herring 1974) . Although this did not di¡er between the two cryptic species, the longer lower jaw of 45 P. pipistrellus would mean that the actual distance between the jaws at maximum gape would be larger.
Our predictions about di¡erences in skull morphology, based on the diets of the two cryptic species, were supported by the results of this study.
In insectivorous bat species of several families, including the Vespertilionidae, jaw structure varies between species in accordance with the hardness of their prey (Freeman 1979 (Freeman , 1981 . Bats that have stronger jaws with a powerful bite, and longer canines, generally eat harder prey such as beetles, as opposed to softer prey such as moths (Freeman 1979 (Freeman , 1981 . Bats of both cryptic species eat mostly slender-bodied nematoceran Diptera, and their skull morphology is typical of bats that eat relatively soft prey items (Freeman 1981) . However, the upper canines (UC) of 45 P. pipistrellus were longer than those of 55 P. pipistrellus, suggesting that they may be able to pierce and process harder prey (Freeman 1979 (Freeman , 1981 . This idea is supported by di¡er-ences found in the diets of the two cryptic species (Barlow 1997) . A signi¢cantly larger proportion of the diet of 45 P. pipistrellus compared with 55 P. pipistrellus consists of the dung-£y Scatophaga stercoraria (Muscidae) (11% of identi¢able fragments found in faeces from 45 P. pipistrellus versus 2% in faeces from 55 P. pipistrellus (Barlow 1997) ). Non-nematoceran Diptera such as these, which comprise 13% of the overall diet of 45 P. pipistrellus as opposed to 5% of the diet of 55 P. pipistrellus, are presumably more di¤cult to crush than the very soft-bodied nematoceran Diptera that comprise 78% of the diet of 55 P. pipistrellus as opposed to 67% of the diet of 45 P. pipistrellus (Barlow 1997) . We suggest that bats of 45 P. pipistrellus may require the greater piercing power of longer canines to process them in considerable quantities. The lack of di¡erence in the length of the masseter muscle (MAS) between the two cryptic species suggests that there is no di¡erence in their masticatory power (Maynard Smith & Savage 1959) . Although there were di¡erences in skull morphology between the two cryptic species, some bats were incorrectly identi¢ed by discriminant analysis of skull variables. Discriminant function analysis classi¢ed 12% of bats incorrectly, and there was a large overlap in discriminant scores between the two cryptic species. Quantitative morphological characters, traditionally used to distinguish between morphologically similar species, were not found to be a completely reliable method for identi¢cation of specimens of the two cryptic species of P. pipistrellus. Analysis of mitochondrial DNA or protein electrophoresis can be used to classify bats unequivocally according to one or the other species in cryptic species pairs (Herd & Fenton 1983; Arlettaz et al. 1997; Barratt et al. 1997) . These methods are therefore preferable to analysis of morphological data (e.g. van Zyll de Jong & Nagorsen 1994).
The slight di¡erences found in skull measurements between the sexes were consistent with data from other vespertilionid species, where males are smaller than females (Myers 1978) , although no overall sexual dimorphism was found in either species. Geographical variation in body size has been described in many animals, including several vespertilionid bat species such as P. pipistrellus, with size increasing as latitude north increases (Findley & Traut 1970; Stebbings 1973; Burnett 1983; Bogdanowicz 1990) . However, no such geographical variation in body size was found when the two cryptic species of P. pipistrellus were investigated separately (K. E. Barlow and G. Jones, unpublished data) . In this study, the exact origin of some individuals was not known, and sample sizes were too small to investigate patterns of geographical variation in skull morphology. All bat species are protected by law in the UK, and this study relied on samples from bats that had been found dead. It was therefore not possible to control for geographical location or sex of samples. However, given that there is no evidence for geographical variation in body size in the two cryptic species, and no overall sexual dimorphism was found in either species, it is unlikely that di¡erences in skull morphology of the two cryptic species found in this study were due simply to sample origins, or the sex bias in the sample. Indeed, given that the bias was towards males in the 45 P. pipistrellus sample and towards females in the 55 P. pipistrellus sample, the di¡erences found between the two species in this study are probably a conservative estimate.
This study shows that, at least to some extent, di¡er-ences in skull morphology between sympatric species do correlate with di¡erences in diet, as has been shown in other studies (e.g. Freeman 1981; Jacobs 1996; but see Arlettaz et al. 1997 ). It may be valid then to use morphological di¡erences between insectivorous bat species to predict ecological separation in terms of diet. However, only some aspects of resource partitioning between the two cryptic species were explained by di¡erences in skull morphology. A large proportion of the diet of both species is comprised of the dipteran suborder Nematocera, but the two species eat di¡erent families within this prey group (Barlow 1997) . Di¡erences in dietary composition are correlated with di¡erences in habitat use by the two cryptic species. 55 P. pipistrellus feeds almost exclusively over habitats associated with water, whereas 45 P. pipistrellus feeds over a much wider range of habitats (Vaughan et al. 1997) . Families of nematoceran Diptera consumed by 45 P. pipistrellus occur in a wide range of habitats, whereas those families eaten by 55 P. pipistrellus are almost exclusively found in aquatic habitats (Barlow 1997) . As expected, no information about di¡erences in habitat use between the two cryptic species could be gleaned from their skull morphology. There are several processes, therefore, that may account for the dietary di¡erences found between these two cryptic species, such as habitat use or other factors. The primary use of morphological data to predict ecological relationships among species should be viewed with caution. Empirical data on at least diet and habitat use are also necessary to begin to understand the ecological requirements of species in an assemblage, and the mechanisms of resource partitioning between them.
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